A transcriptome study was performed on Sulfolobus islandicus REY15A actively undergoing CRISPR spacer acquisition from the crenarchaeal monocaudavirus STSV2 in rich and basal media over a 6 day period. Spacer acquisition preceded strong host growth retardation, altered transcriptional activity of four different CRISPR-Cas modules and changes in viral copy numbers, and with significant differences in the two media. Transcript levels of proteins involved in the cell cycle were reduced, whereas those of DNA replication, DNA repair, transcriptional regulation and some antitoxin-toxin pairs and transposases were unchanged or enhanced. Antisense RNAs were implicated in the transcriptional regulation of adaptation and interference modules of the type I-A CRISPR-Cas system, and evidence was found for the occurrence of functional co-ordination between the single CRISPRCas adaptation module and the functionally diverse interference modules.
Introduction
CRISPR-Cas adaptive immune systems occur in most Archaea and in many Bacteria. Immunity is generated by the uptake of short DNA fragments (protospacers) from invading genetic elements, primarily viruses and plasmids and their insertion into host CRISPR arrays as spacers (reviewed in Barrangou and van der Oost, 2013) . CRISPR loci are then transcribed and processed into crRNAs, each carrying part of a repeat sequence and a spacer sequence. After assembly of crRNAs into protein interference complexes, they can target and cleave DNA of the invading genetic element, or transcripts, within the matching protospacer sequences.
Members of the crenarchaeal order Sulfolobales are infected by a range of viruses exhibiting very diverse morphologies and genomes (Prangishvili et al., 2006; Pina et al., 2011) , and they generally exhibit multiple CRISPRCas systems, primarily of types I-A and III-B (Vestergaard et al., 2014) . A few species, including Sulfolobus solfataricus P2 and Sulfolobus islandicus REY15A, have been established for laboratory studies because they can host a range of diverse viruses and are readily cultured and manipulated genetically (reviewed in Manica and Schleper, 2013; Garrett et al., 2015) .
Sulfolobus islandicus REY15A carries CRISPR loci 1 and 2 with 115 and 93 spacer-repeat units, respectively, which share identical repeat and leader sequences. In addition, it encodes a type I-A CRISPR-Cas system consisting of adaptation and interference modules, and two functionally different type III-B interference modules (denoted Cmr-α and Cmr-β), as well as a single Cas6 CRISPR RNA processing enzyme (Guo et al., 2011) . The type I-A interference module cleaves DNA, whereas the type III-B interference modules target transcripts (Cmr-β) or transcripts and DNA (Cmr-α) (Hale et al., 2012; Deng et al., 2013; Zebec et al., 2014; Peng et al., 2015) .
The monocaudavirus STSV2 was selected for this transcriptome study because it can propagate stably, and in high yield, in different laboratory Sulfolobus hosts and, as it does not cause cell lysis, the infected cells are amenable to long-term studies (Erdmann et al., 2014a) . STSV2 has also been shown to undergo CRISPR spacer acquisition, at about 12 days post infection (dpi) when coinfected with the monocaudavirus SMV1 (Erdmann et al., 2014b) . Transcriptome studies were previously performed on different Sulfolobus species infected with the turreted icosahedral virus STIV (Ortmann et al., 2008; Maaty et al., 2012a,b) , rudivirus SIRV2 (Kessler et al., 2004; Okutan et al., 2013; Quax et al., 2013) and fuselloviruses SSV1 and SSV2 (Ren et al., 2013) but in none of these studies was CRISPR-Cas spacer acquisition shown to be active.
The present study was designed primarily to examine interactions between STSV2 and S. islandicus REY15A during CRISPR-Cas adaptation and interference. CRISPR spacer acquisition was induced after STSV2 infection and was ongoing over at least 6 days. Transcript level changes for protein and RNA genes, of host and virus, were examined at successive time intervals over the 6 day period. In addition, the experiment was performed in rich and basal media in order to examine the influence of nutrient availability on the viral DNA replication levels and on CRISPR-Cas adaptation (Erdmann et al., 2014b) .
Results

STSV2 infection of S. islandicus
STSV2 virions were isolated from an infected culture of Sulfolobus tengchongensis HB52 and infected in the laboratory Sulfolobus strain S. islandicus REY15A (Erdmann et al., 2014a,b) , and cultured in (i) rich TYS-medium (T) and (ii) basal SCV-medium (S). Samples were taken at 8 h intervals over 6-12 days post infection (dpi), and total RNA and DNA were extracted from each sample.
Strong growth retardation occurred at 6 dpi in TYS medium and at 7 dpi in SCV-medium. Thereafter, infected samples exhibited similar very low growth rates in both media, with a minor recovery occurring after 12 days in TYS medium (Fig. 1) . After 12 days, samples were diluted in fresh medium and cell concentrations were measured for a day. Near-control growth levels were observed in TYS medium, but they remained low in SCV medium (data not shown).
STSV2 does not form visible plaques on Gelrite plates (Erdmann et al., 2014a) and, therefore, intracellular STSV2:host molar genome ratios were measured at regular intervals by qPCR. In both media, STSV2 infection produced about 2:10 virus : host genome ratios at 6 dpi. The viral copy number increased at 8 dpi and reached a maximum ratio of 7:10 in TYS samples, and of 13:10 in SCV samples at 11 dpi ( Fig. 2 ; Table S1 ). The peaks were followed by a final steep decrease in both media, likely coincident with virus release and CRISPR-Cas-induced viral DNA cleavage.
S. islandicus and STSV2 transcriptomes
Ten libraries were constructed from the purified RNA samples. They were representative of: (i) early low viral copy number phase (∼ 7 dpi, T2/S2); (ii) viral DNA increase (∼ 8.5 dpi, T6/S7); (iii) viral peak (∼ 10 dpi, T12/S11); and (iv) reversion to low copy number (∼ 11.5 dpi, T15/S16) ( Fig. 1) , as estimated from the virus : host genomic ratios measured by qPCR (Fig. 2) . All virus-infected samples, except S2, were taken after the onset of growth retardation ( Fig. 1) , and uninfected samples served as controls. Libraries were pooled and loaded onto two Illumina sequencing flow cells yielding lanes of single-end HiSeq 50 bp reads and of paired-end MiSeq 250 bp reads, and the sequences were aligned on the host and viral genomes. Total numbers of transcript reads were obtained for each sample at the different time points (Table S2) Estimated ratios assumed that 75% of the cellular population contained two chromosomes over the 6 day period. Genome ratios were measured in triplicate samples by qPCR. Error bars represent the technical standard deviation calculated as the standard deviation of all ratio pairs for each data point. media. Transcript levels of the host and viral genes in each sample are presented in Table S3 . Transcript level changes of at least twofold in three or more consecutive libraries, or in two consecutive libraries in both media, were considered [qualitatively] significant. Non-aligned transcript sequences were assembled into contigs and subjected to BLAST searches against public sequence databases; most yielded imperfect alignments to host or STSV2 DNA, and no matches were detected to possible contaminating crenarchaeal genetic elements (www.ebi.ac.uk/genomes/archaealvirus.html). The fraction of viral transcripts decreased from about 60% to 16% of the total transcripts over the 6 days in TYS medium but remained constant at about 36% in SCV medium (Fig. 3) .
CRISPR-Cas systems
The CRISPR loci and gene cassettes of the adaptation, and functionally diverse type I-A and type III-B interference modules, are illustrated in Fig. 4 . Transcript levels from CRISPR loci and associated cas genes were quantified for uninfected and virus-infected samples. The values were used to infer virus-induced changes in the activities of the single CRISPR-Cas adaptation gene cassette (csa1, cas1, cas2 and cas4) and of the type I-A and two type III-B interference cassettes, and they were compared for the two media.
Transcripts did not map uniformly on the CRISPR loci. In uninfected samples, CRISPR locus 2 yielded, on average, 72% of all detected CRISPR transcripts with a highest abundance for spacer regions 1-13, 26-44, 55-63 and 66-72 and with the leader-adjacent region being most prominent, whereas for CRISPR locus 1, there was a strong transcript bias to spacers 21 and 22. On infection, although overall transcript levels from both CRISPR loci increased, the biases did not change significantly. Transcription remained at a constant level in TYS medium but gradually increased in SCV medium over the 6 day period (Fig. 5) , with corresponding two-to eightfold increases in transcripts of the Cas6 CRISPR RNA processing enzyme (SiRe0772). Quantification of CRISPR transcript levels was approximate because of a preferential loss of short transcripts, including crRNAs, during library preparation.
In uninfected cultures, few transcripts mapped to the CRISPR adaptation gene cassette but moderate transcript levels were observed for the interference cas and cmr gene cassettes. On infection, transcript levels from the former increased strongly, although in TYS medium there was subsequently a moderate decrease with time (Figs 5 and 6A). Transcript yields from the interference gene cassette increased strongly, especially in TYS medium (Figs 5 and 6B) . In contrast, transcript levels from the type III-B interference gene cassettes did not increase; the Cmr-β module was initially downregulated in both media, with a slow recovery over the 6 days in TYS medium, whereas the Cmr-α module was weakly upregulated in TYS medium but remained reduced in SCV medium (Fig. 5 ). Transcript levels for the non-core Cas proteins Cmr7 (SiRe0603) and Csx1 (SiRe0884), associated with type III-B interference , also decreased (Table S3) .
Proteins Csa3a (SiRe0764) and Csa3b (SiRe0765) have been implicated in regulation of the adaptation and type I-A interference gene cassettes, respectively, and the former is a transcriptional activator , and its transcript levels were enhanced significantly on infection in TYS medium, coincident with the onset of adaptation, and then gradually decreased with time. In contrast, transcripts of Cas3b remained at a low level after infection ( Fig. 5) . Transcripts from the adaptation gene cassette provided evidence for alternative regulatory modes. While many spanned cas1-cas2, the paired-end read data indicated an additional transcriptional start site upstream of cas2 (Fig. 6A ). Moreover, a high level of antisense transcripts encompassed cas2 and the upstream region of cas4 in TYS samples, with lower yields in SCV samples. The antisense RNAs increased to about 34% of all transcripts from cas2-cas4 at about 7 dpi in TYS and then gradually decreased (Fig. 6A) . Evidence of internal regulation was also observed for the type I-A interference gene cassette. Transcriptional termination occurred immediately downstream from cas7, thereby dividing the cassette into high expression csa5 and cas7 and low expression cas5, cas3, cas3′ and cas8′ regions (Fig. 6B ).
Antisense transcripts also mapped to the terminal region of csa5, with highest yields in SCV medium at 7 dpi that decreased with time.
Spacer acquisition from STSV2
Leader end regions of both CRISPR loci were amplified by PCR to detect de novo CRISPR spacers that yielded larger PCR products in agarose gels (Erdmann and Garrett, 2012) . Additional bands were detected from 6 dpi in TYS medium, and they increased in intensity and size with time, consistent with continuous spacer acquisition. In contrast, SCV samples yielded no well resolved larger PCR products indicating either the absence, or a low level, of spacer acquisition (data not shown).
In order to quantify spacer acquisition and determine the origin of the de novo spacers, and to test further for spacer acquisition in SCV samples, newly acquired spacers were identified from leader-end CRISPR regions in paired-end transcript reads. A total of 2842 reads were analyzed of which 431 carried unique de novo spacers in TYS and SCV samples. They mapped fairly evenly around the circular STSV2 genome and between DNA strands. Moreover, the gradual increase with time in both the numbers of unique new spacers, and the fraction of Table S3 . A. Adaptation gene cassette from TYS sample T2. B. Type I-A interference gene cassette (initial region only) from the SCV sample S2. Scale bars at the right indicate the level of transcript reads from the forward (above line) and reverse strands (below line). Novel transcripts are indicated by black arrows; gray arrows denote transcripts detected earlier from the Sulfolobus type I-A adaptation gene cassette .
transcript reads containing them, in both media, reinforced the PCR results for TYS samples that spacer acquisition was continuous ( Table 1 ). The cellular fraction that had undergone spacer acquisition was estimated from the ratio of transcripts carrying new spacer sequences to those with wild-type CRISPR sequences at the leader end (Table 1) . The results indicated that at least 30% of the TYS cells, and 9% of the SCV cells, had undergone spacer acquisition over 6-12 dpi.
In summary, the transcript data underlined that the CRISPR-Cas immune response was more active in TYS medium, yielding more unique de novo spacers, lower viral copy numbers and decreasing levels of viral transcripts over the 6 day period. In contrast, SCV samples displayed a low level of new spacers, higher viral copy numbers and fairly constant levels of viral transcripts (Figs 2 and 3 ; Table 1 ).
Cell cycle, DNA replication, transcriptional regulation and toxins
During retarded growth and spacer acquisition, transcripts from cell cycle-related genes and especially the ESCRT/ cdv operon (SiRe1173-SiRe1175) were reduced (Table 2) . Nevertheless, many core genes were still expressed. Thus, transcript levels of the main DNA polymerase B homologue (SiRe1451) were not significantly repressed in infected samples while those of different DNA repair enzymes were enhanced, including DNA polymerase 2 (Dpo2 -SiRe0615) in TYS medium, DNA polymerase 4 (Dpo4 -SiRe0236) in SCV medium and the HerA-NurA operon (SiRe0061-0064) in both media (Table 2) .
Altered transcript levels of basal transcriptional regulators were also consistent with major changes in cellular activity. Those of the main TFB factor (SiRe1144) were strongly reduced in both media, with a late recovery in TYS medium, which paralleled that of the cdv operon. In contrast, transcript levels of other TFB homologues (SiRe1555 and SiRe1717) changed little (Table S3) . TFE can enhance transcription initiation at suboptimal promoters, and TFEα (SiRe1730) transcripts were upregulated in both media. Moreover, the transcript abundance for TFEβ (SiRe1145) decreased in TYS samples with time while that of termination factor Tfs (SiRe1707) increased only in SCV samples (Table 2) . Furthermore, from a total of 66 genes encoding predicted transcriptional regulators, transcripts from 12 were upregulated and a further 11 were downregulated, with a few showing media-specific responses (Table 2 and S3) .
Moreover, transcripts of several host antitoxin-toxin gene pairs were activated and may have contributed to retarded growth. They included nine of the 21 annotated vapBC pairs , and another pair On infection: +, upregulation; -, downregulation. Blank cells indicate that there was no significant (> 2-fold) change in transcript levels in 2 or more samples from each series. 'Early' samples were taken at 7 and 8 dpi, 'late' samples at 10 and 11 dpi. Precise transcript foldchange data are given in Table S3 . (SiRe-2067-SiRe2068) was repressed in TYS and enhanced in SCV medium (Table 3) .
Transcriptome changes in STSV2-infected Sulfolobus islandicus
Changes in transcript levels of STSV2
Viral transcript levels were high in all samples despite the early low moi values (∼ 0.2). A gradual decrease in transcripts was observed in TYS, but not in SCV samples, consistent with enhanced CRISPR interference and reduced viral copy numbers in TYS samples. Most transcripts mapped to a few viral genes, especially those encoding the main coat protein gp36 and adjacent gp37; other highly expressed genes, in all samples, included gp03, gp08 and gp43, all of unknown function. Although the virus cycle could not be synchronized, phases were distinguishable from transcript level patterns, especially for early (7 and 8.5 dpi) and late (10 and 11.5 dpi) samples. Strong transcription occurred early for gene cluster gp70 to 75, and late for gp01, gp02 and gp04 near the putative replication origin, the multi-domain virion protein gp31, the putative multi-ribbon-helix-helix domain and for the putative regulators gp21, gp22 and gp23, and glycosyl transferase gp61. Transcripts of two putative OrfB transposases gp50 and gp66 were also upregulated late. The transcriptional regulator cluster gp17-gp25 also showed media and time-dependent variations in transcript levels, and antisense transcription was observed from gp24 and gp25 in the SCV sample S2 preceding growth retardation, suggesting an involvement in virus cycle progression together with gp01-gp04 (Tables S3 and S4 ).
Host and virus gene annotations
The short HiSeq transcript data provided evidence for many non-annotated genes (Guo et al., 2011; Erdmann et al., 2014a) . Two hundred and six additional putative genes were mapped in the host genome, 26 of which exhibited known protein motifs (Table S3 ). In addition, 1288 potential antisense RNAs were located and 604 operon structures could be assigned with confidence based on paired-end read data (Table S3 ). In the STSV2 genome, two additional small highly expressed genes were located between gp54-gp55 (58535-58687) and gp57-gp58 (60144-60281). In contrast to the host, transcriptional read-through was common between adjacent inverted viral genes, and 3′-UTR transcripts from gp12-gp13, gp40-gp41 and gp44-gp45 invaded one another, possibly indicative of a regulatory role. Sixteen viral operons were manually curated using coverage-based statistics (Table S3) .
Discussion
CRISPR-Cas module activation
Cell populations underwent spacer acquisition over 6-12 dpi, coincident with retarded growth, as judged by PCR results and transcript sequence analyses. Transcript levels from CRISPR loci, and the type I-A adaptation and interference modules, and Cas6, were strongly upregulated. In contrast, transcripts of type III-B interference modules underwent minor changes (Cmr-α) or were downregulated (Cmr-β) in both media during spacer acquisition, indicative of a possible functional co-ordination between different DNA targeting modules. Biases observed in the yields of CRISPR RNA processing products were consistent with earlier Sulfolobus studies (Wurtzel et al., 2010; Deng et al., 2013) .
Production of antisense RNAs from type I-A adaptation and interference gene cassettes in TYS and SCV media, respectively, pointed to another level of regulation than that provided by Csa3a and Csa3b, respectively (Vestergaard et al., 2014; Liu et al., 2015) . The antisense RNAs that peaked at 7 dpi and gradually decreased with time could inactivate transcripts of the putative toxins Cas2 and Csa5 (Koonin and Makarova, 2013; He et al., 2014) . Antisense cas2-cas4 RNA was primarily observed in the early TYS sample, whereas csa5 antisense RNA levels peaked prior to cell retardation in SCV samples.
CRISPR adaptation and DNA replication
High overall transcription was observed for DNA polymerase genes during retarded growth consistent with continuing replication of the viral genomes. Moreover, transcript levels were strongly increased for some DNA repair enzymes including the type B DNA polymerase 2 implicated in damage repair, and the type Y DNA polymerase 4 involved in lesion bypass (Choi et al., 2011) , in TYS and SCV medium, respectively. Their upregulation was coincident with increasing de novo CRISPR spacers and the inferred enhanced expression of the type I-A CRISPR-Cas Table 3 . Transcript levels of host antitoxin-toxin gene pairs.
HEPN -On infection: +, upregulation; -, downregulation. 'Early' samples were taken at 7 and 8 dpi, 'late' samples at 10 and 11 dpi. Precise transcript fold-change data are given in Table S3. components. The results correlate with spacer acquisition being dependent on DNA replication in S. islandicus (Erdmann et al., 2014b) and receives further support from studies on bacterial CRISPR-Cas type I-E system which showed that formation of single strand breaks at DNA replication forks can stimulate adaptation and ensure that spacer acquisition occurs primarily from viral DNA in nondividing cells (Levy et al., 2015) . This is also consistent with adaptation genes being more actively transcribed in TYS medium where more nutrients are available for replication.
Host growth retardation
In an earlier study, attempts to induce CRISPR adaptation by infecting Sulfolobus hosts with STSV2 alone were unsuccessful and only minor growth retardation effects were observed, likely reflecting that the infection level was too low (Erdmann et al., 2013; 2014b) . In the present study, when CRISPR adaptation was activated both infected and uninfected cells stopped dividing a few days after infection, maintaining low virus levels but with transcript levels of DNA replication and repair proteins remaining similar to, or higher than, those of uninfected control cultures. The nutrient dependency of growth retardation suggested that there is a threshold in intracellular virus activity. We infer that a host-dependent response ensures that uninfected cells also undergo retarded growth, consistent with SSV9 inducing population-wide growth arrest of S. islandicus at low moi values (Bautista et al., 2015) . Strongly enhanced upregulation of antitoxin-toxin gene pairs was coincident with growth retardation. Seven of 21 of vapBC host gene pairs, and one MNT-HEPN pair, were upregulated in infected samples and, moreover, four of the VapC toxins (SiRe0403, SiRe0699, SiRe0744 and SiRe2171) were upregulated in rudivirus SIRV2-infected S. islandicus LAL14/1 that also underwent growth retardation (Quax et al., 2013) .
Antitoxin-toxin gene pairs are often clustered with CRISPR loci and cas genes for the Sulfolobales (Garrett et al., 2011) , and it has been suggested that CRISPR spacer acquisition can activate toxins and induce cell arrest (Erdmann et al., 2014b) . In the present study, it was difficult to distinguish growth inhibition effects resulting from viral infection from those induced by CRISPR adaptation. The strongest evidence for the latter is provided by the Csa5 toxin. In the SCV S2 sample, taken just prior to the onset of growth inhibition, there is a strong downregulation of antisense RNA against the Csa5 mRNA. The potential upregulation of the toxin, just prior to growth retardation, would also be consistent with earlier evidence showing that inhibition of Csa5 activity prevents the onset of cell death in SIRV2-infected S. islandicus REY15A (He et al., 2014) .
Media-specific effects
For bacteria, richer media tend to produce shorter reproductive cycles and increased burst sizes of bacteriophages, thereby increasing viral dispersal (Abedon et al., 2001) . The present results suggest that for STSV2, the CRISPR-Cas immune response counteracted such effects. STSV2 was initially more actively transcribed in the richer TYS medium but spacer acquisition was also more active, and the onset of growth retardation occurred earlier, consistent with STSV2 being more virulent in this medium. However, the increased efficiency in the uptake of new spacers and the strong upregulation of transcripts from the type I-A interference gene cassette in this medium probably produced cleavage of viral DNA, fewer viral transcripts and led to the recovery of cell growth after 12 days in TYS medium.
Comparison with other studies of virus-infected Sulfolobus
Infection with STIV and SIRV2 also produced upregulation of type I-A CRISPR interference gene cassettes, whereas for the type III interference modules transcripts of Cmr-β were upregulated while those of Cmr-α were unchanged or repressed (Maaty et al., 2012a; Quax et al., 2013) . The data suggest that activation of type III-B interference responses is dependent on different factors including the nature of the virus, the medium and the presence of matching CRISPR spacers.
A direct comparison of our results with those of published transcriptome studies of virus-infected Sulfolobus species is limited because no evidence was presented for the occurrence of CRISPR adaptation earlier. Nevertheless, some general properties of the viral infection were shared including host growth retardation, observed for the lytic Sulfolobus viruses STIV, SIRV2, SMV1 and SSV9 (Ortmann et al., 2008; Erdmann and Garrett, 2012; Quax et al., 2013; Erdmann et al., 2014b; Bautista et al., 2015) . In transcriptional studies of STIV and SIRV2, the cdv operon was downregulated only for SIRV2, but for both viruses transcripts of DNA polymerases remained stable, consistent with ongoing viral propagation, and transcript abundance for DNA repair enzymes was enhanced. Moreover, as for STSV2 infection, complex changes occurred in the transcript levels of the main transcription factors (Ortmann et al., 2008; Quax et al., 2013) .
In conclusion, we have shown that major transcript abundance changes occur as a result of Sulfolobus viral infection and activation of CRISPR adaptation. Some cellular changes are common to those observed for different Sulfolobus viral infections in the absence of CRISPR adaptation. At present we know relatively little about detailed gene regulation mechanisms of the Sulfolobus viruses and their hosts (Reeve, 2003; Werner, 2013) , but the evidence for antisense RNAs in modulating expression of the I-A CRISPR adaptation and interference modules underlines that regulatory pathways in Sulfolobus species can be very complex. This inference was reinforced by the identification of up to 1288 putative host-encoded antisense RNAs, some of which have been characterized for other Sulfolobus species, including some complementary to CRISPR RNAs (Lillestøl et al., 2006; Deng et al., 2012) and many matching to mRNAs (Tang et al., 2005; Wurtzel et al., 2010) . Clearly, the gene regulation possibilities of virus-infected Sulfolobus hosts are enormous.
Experimental procedures
STSV2 virus infection
STSV2 from a CsCl gradient-purified stock (Erdmann et al., 2014a) was used to infect Sulfolobus tengchongensis to obtain a fresh virus preparation. The infected cells were cultured in Sulfolobus medium supplemented with 0.2% trypton, 0.1% yeast extract and 0.2% sucrose (TYS medium) at 78 o C and pH 3.5. Two liters of culture were centrifuged, and cellfree medium was filtered through 0.2 μm filters (Thermo Fisher Scientific, Waltham, MA) and 1,000,000 MWCO PES filters (Sartorius, Stedim, Goettingen, Germany). Virions were isolated by filtration. Density gradient purification was avoided to minimize virion damage and loss of infectivity. The virus particles were washed and resuspended in Sulfolobus medium. Filtrate samples were stained in 2% uranyl acetate and examined for homogeneity in a JEM-1010 transmission electron microscope (Jeol, Tokyo, Japan).
An S. islandicus REY15A culture, grown to late log phase (A 600 = 0.8), was infected with STSV2. Cells were harvested from 14 ml culture, washed in Sulfolobus medium, resuspended in 400 μl of virus filtrate suspension and incubated at 75 o C for 2.75 h. An moi value was estimated from qPCR of a separate culture at 1 dpi to be approximately 0.5. Free virions were removed by washing in Sulfolobus medium, and infected cells were resuspended in two 10 ml tubes containing this medium supplemented with (i) TYS-medium (0.2% trypton, 0.1% yeast extract and 0.2% sucrose) and (ii) SCVmedium (0.2% sucrose, 0.2% (w/v) vitamin-free casamino acids (Difco Vitamin Assay, BD, Franklin Lakes, NJ, USA) and a mixed vitamin solution (Zillig et al., 1993) , both carrying 0.02 mg/ml uracil (Deng et al., 2009) .
After 32 h, the culture was used to inoculate six 50 ml bottles, three with TYS medium and three with SCV medium, each with added uracil, to A 600 = 0.02, and grown at 75°C with mixing. Five milliliter samples were taken at approximately 8 h intervals over 6 days, and A 600 values were measured. One milliliter was taken from each sample for DNA extraction, washed in Sulfolobus medium to remove free virions, and cell pellets were stored at −20°. The remaining 4 ml of each sample was centrifuged, and the pellet was quickly frozen in liquid N 2 and stored at −80°C for total RNA extraction. The sample volume was restored by adding fresh pre-warmed medium for long-term cultivation.
STSV2 concentration
STSV2 does not form visible plaques in Gelrite plates, and therefore viral infection levels were estimated by qPCR of total DNA samples to determine virus : host genome ratios using primer pairs 5′-CAGGCAAGCGTGTAGTTTCA-3′ and 5′-TCAGGTCACTCTTGTTAGACCTT-3′ for STSV2_gp17, and 5′-GGGTCATCGAAAGTTAGCCTCA-3′ and 5′-CGGC GAATTTATTTGTGGCCA-3′ for S. islandicus SiRe1288, encoding ribosomal protein L3. Genome ratios were averaged from triplicate measurements of each target, using serial dilutions of purified DNA from virus and host as reference. It was inferred that about 75% of cells carry two chromosome copies during most of the Sulfolobus cell cycle (Lindås et al., 2008) . The technical standard deviation was calculated as the standard deviation of all nine possible combinations of virus : host ratios for each data point.
DNA and RNA extraction
DNA was extracted using 1:1 phenol-chloroform and 15 μg glycogen (GlycoBlue, Thermo Fisher Scientific), followed by isopropanol precipitation and resuspension in 40 μl 10 mM Tris-HCl, pH 6.5 and 1 mM EDTA. A 260/230 and A260/280 ratios were measured using NanoDrop (Thermo Scientific). Samples were diluted to 1 ng/ml prior to qPCR. Total RNA was extracted using TRIzol reagent (Sigma Aldrich, St Louis, MO). RNA was precipitated by adding 15 μg glycogen (GlycoBlue) in isopropanol. Possible DNA contaminations were removed by treatment with DNAse I (Life Technologies, Carlsbad, CA), and the RNA was resuspended in 40 μl TrisHCl, pH 6.5, 1 mM EDTA and quality tested with NanoDrop (Thermo Scientific) and polyacrylamide-urea gel electrophoresis. RNA concentrations were estimated using Qubit (Life Technologies) prior to library preparation. Samples with sufficient RNA (> 50 ng/μl; A 260/280 and A260/230 > 2) that were representative of each of the virus phases defined by qPCR were used to construct Illumina libraries. The 0.5 μg of total RNA was processed with the bacterial low input ScriptSeq Complete Kit (Epicentre). This involved RNA fragmentation such that true transcript ends could be underrepresented in the libraries. Library concentrations were measured with a Qubit fluorimeter (Life Technologies) and pooled to equal amounts. Quality testing and insert sizes were determined with a BioAnalyzer (Agilent Technologies, Santa Clara, CA) prior to loading into a flow cell channel in HiSeq2000 (Illumina, San Diego, CA) for 50 bp single-end reads, and MiSeq using a MiSeq Reagent kit v2 (Illumina) for 250 bp pairedend reads. Adaptors were trimmed prior to analysis using the Biopieces bioinformatics toolset (www.biopieces.org).
Transcriptome analysis
The 166.7 million single-end and 34,5 million paired-end reads were analyzed for the 10 libraries (Table S2) . Reads were mapped independently on the host and viral genomes to avoid copy number-associated effects using ERANGE (Mortazavi et al., 2008) included in the CLC Genomics Workbench (CLC Bio, version 7.0, Qiagen, Hilden, Germany). Default settings of the algorithm for sequence matching were: mismatch cost 2, gap opening and extension costs 3, minimal
